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Abstract 
BACKGROUND: Microscale zero-valent iron (mZVI) is an efficient material for 
removing heavy metals from water, and iron-oxidizing bacteria are the primary 
microorganisms responsible for iron corrosion. We investigated the effects of 
Sphaerotilus natans on antimony [Sb(V)] removal by mZVI using batch experiments.  
RESULTS: At an initial Fe0 dose of 0.1g·L-1, 40 mg·L-1 Sb(V) was almost completely 
removed in an abiotic system. Although Sphaerotilus natans exhibited significant 
tolerance to Sb(V), its ability to adsorb Sb(V) was poor. Most importantly, the presence 
of Sphaerotilus natans reduced the removal rate of aqueous Sb(V) by mZVI by up to 
39%. The value of the redox potential in the biologically mediated system was lower 
than that in the abiotic control, indicating oxygen consumption by Sphaerotilus natans. 
In the presence of Sphaerotilus natans, the main reaction products were FeOOH and 
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FeSb2O6, compared to Fe2O3 in the abiotic system. Biomineralization of Fe3+ ions by 
Sphaerotilus natans may have occurred during the experiment, but it did not play a 
significant role in Sb(V) removal. 
CONCLUSION: mZVI can be efficiently used to remove Sb(V) from water. However, 
the presence of Sphaerotilus natans may inhibit its removal ability, likely due to the 
decreased mass transfer and lower corrosion of iron. 
Keywords: antimony (V); microscale zero-valent iron; iron-oxidizing bacteria; 
bioinhibitory effect 
INTRODUCTION 
Antimony (Sb) is a metalloid in Group VA of the periodic table, and the Sb(III) and 
Sb(V) oxidation states are the most prevalent in the environment.1 Sb and its 
compounds are hazardous to human health, with significant carcinogenicity, and Sb(III) 
is more toxic than Sb(V).2 Antimony and its compounds are considered priority 
pollutants by the Council of the European Communities3 and by the United States 
Environmental Protection Agency.4 The World Health Organization requires that the 
maximum level of Sb in drinking water be less than 20 µg L-1.5 
Most Sb gets into the environment from anthropogenic sources such as soil runoff, 
road traffic emissions, fossil fuel combustion, mining, and smelting activities.6, 7 The 
mining industry in particular produces a great quantity of mine drainage and waste 
residue, which can have significant impacts on the local environment. For example, due 
to the historic mining activities in the Kantishna Hills mining district of interior Alaska, 
This article is protected by copyright. All rights reserved.
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Sb and arsenic concentrations in nearby watersheds were as high as 0.72 mg·L-1 and 
0.239 mg·L-1, respectively.8 Because improperly treated mining and smelting 
wastewater was discharged into the environment, dissolved Sb concentrations in 
streams ranged from 4.58 to 29.4 mg·L-1 in the Xikuangshan Sb mining area of China,9 
levels that pose high health risks to the public. Consequently, different methods for 
treating antimony-contaminated water have recently been developed. 
Adsorption is one of the most effective techniques for the removal of Sb from 
aqueous solution owing to its high efficiency, simplicity, and rapid response.10, 11 
Commonly used adsorbents for Sb include nanomaterials, activated carbon, bentonite, 
and iron-based oxides and residues.12, 13 However, most of these materials are produced 
through complicated chemical methods or require modifications, and thus the treatment 
costs for significant quantities of Sb-containing wastewater are high. Available 
zero-valent iron (ZVI) has been shown to be an efficient and cost-effective material for 
removing heavy metals, nitrates, hydrocarbons from water.14–16 Under aerobic 
conditions, Fe0 is oxidized by O2 in water, yielding Fe2+ ions. The resulting Fe2+ can be 
further oxidized to Fe3+ ions, and then hydrolyzed to form iron oxide precipitates. The 
contaminants are therefore trapped within the precipitates and removed from the 
water.17 Sb(V) in model solution can be immobilized by ZVI, and a maximum of 18.1 
mg Sb(V)·g-1 ZVI has been achieved. The incorporation of Sb(V) into the structure of 
iron (hydr)oxides has been evaluated using X-ray absorption fine structure spectroscopy 
analysis.18 The influence of tartrate and a weak magnetic field on the removal of Sb(III) 
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by ZVI has also been investigated with batch and semi-continuous reactors.19 Nanoscale 
zero-valent iron (nZVI) has also drawn attention as an effective approach for removing 
Sb from solution.20, 21 The influence of a range of processing parameters on Sb removal 
by Fe0 has been systematically investigated, including contact time, solution pH, initial 
Sb concentration, co-existing ions, and the effects of weak magnetic fields. In addition 
to these physical and chemical factors, the high abundance of microorganisms in the 
aqueous environment may significantly influence the performance of ZVI in water 
treatment systems. Microorganisms can attach to iron surfaces and cause 
microbiologically influenced corrosion.22 Furukawa et al.23 and Wilkin et al.24 
demonstrated that some iron corrosion products, including iron hydroxides, 
oxy-hydroxides, and green rusts, are beneficial in arsenic removal from water. 
Nonetheless, An et al.25 reported that the presence of hydrogenotrophic bacteria in water 
generated a lepidocrocite layer on iron surfaces and decreased the nitrate removal rate 
of nZVI. The influence of microorganismal activity on the removal of Sb by ZVI 
remains unclear. 
Aerobic iron-oxidizing bacteria (IOB) constitute one of the major iron corrosion 
pathways in surface environments. They attach to the surface of iron-rich materials and 
generate biological iron oxide minerals.26, 27 In an aerobic environment, IOB can oxidize 
ferrous ions and deposit iron hydroxides extracellularly.28 Sphaerotilus natans, which 
belongs to the IOB consortia, exists naturally in ecological communities found in 
heavily polluted freshwater and activated sludge systems in the form of superficial 
This article is protected by copyright. All rights reserved.
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mucilage layers.29, 30 Starosvetsky et al.31 isolated IOB from rust deposits on a clogged 
carbon steel heat exchanger in Israel, and the primary strain was also identified as a 
Sphaerotilus sp. In addition, living and lyophilized Sphaerotilus natans can be used to 
treat heavy metal cations by biosorption.32 When considering the potential of ZVI in the 
treatment of Sb-contaminated wastewater, the impacts of biofilms in the treatment 
system on long-term performance must be considered. There is little previously 
published information on the removal of Sb from water by ZVI in the presence of 
microorganisms, especially Sphaerotilus natans.  
Sb(V) is the dominant form of Sb in water at most environmentally relevant pH 
levels; 1 therefore, it was selected as the target pollutant in this study. The main 
objectives of this paper were to (1) investigate Sb(V) removal by microscale zero-valent 
iron (mZVI) in abiotic systems; (2) assess the Sb(V) adsorption ability of Sphaerotilus 
natans and its biomineralization; (3) study the Sb(V) removal ability of ZVI in the 
presence of Sphaerotilus natans; and (4) explore the mechanism of the bioinhibitory 
effect of Sphaerotilus natans on Sb(V) remediation with ZVI. 
MATERIALS AND METHODS 
Cultivation of microorganisms  
In this study, lyophilized Sphaerotilus natans NBRC#13543 was purchased from 
Beijing Yuding Xinjie Technology, Ltd. (Beijing, China). The cultivation medium 
contained polypeptone (10 g·L-1), yeast powder (2 g·L-1), agar (15 g·L-1), magnesium 
sulfate heptahydrate (1 g·L-1), and ammonium iron citrate (10 mg·L-1). The culture 
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medium was autoclaved at 121°C for 20 min after the initial pH was adjusted to 7.0. 
After cultivation for two consecutive generations, the strain grew normally. Colonies on 
plates were sampled with a sterile loop, inoculated in 250-mL conical flasks containing 
liquid culture medium, and then incubated at 30°C. The biomass growth was monitored 
by measuring the optical density (OD), and the growth curve of Sphaerotilus natans 
was investigated.  
Effects of dissolved oxygen (DO) and pH on Sb(V) removal by ZVI in abiotic 
systems 
An Sb(V) stock solution with an Sb concentration of 500 mg·L-1 was prepared by 
dissolving KSb(OH)6 in 2 mol·L-1 HCl solution. Experimental solutions of Sb(V) were 
obtained by diluting the stock solution with deionized (DI) water. mZVI was first added 
to a conical flask containing 200 mL of 40 mg·L−1 Sb(V) solution and then covered with 
a ventilated rubber stopper. All flasks were placed on a rotary shaker at 100 r·min-1 at 
30°C. At timed intervals, samples were taken from the suspension, filtered through 
0.45-μm membrane filters, and analyzed for total Sb remaining in the aqueous phase. 
Additionally, the redox potential (Eh) of the solution was monitored as the reaction 
progressed. 
To test the effects of dissolved oxygen (DO) on Sb(V) removal, a fixed amount of 
mZVI was added to serum bottles after the initial Sb(V) solution was purged with N2 
gas for 2 h. Then, the bottles were sealed with Teflon septa and aluminum crimps, 
followed by mixing at 100 r· min-1 on a rotary shaker at 30°C. At timed intervals, the Sb 
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concentration in the solution was determined as above. The normalized residual 
concentration (C/C0) was used to describe the removal kinetics. 
To test the effects of solution pH on Sb(V) adsorption, the initial pH of Sb(V) 
solutions was pre-adjusted to 5.0, 6.0, 7.0, and 8.0 with 1.0 mol·L-1 HCl or 1.25 mol·L-1 
NaOH. Then, mZVI was added, and the conical flasks were covered with ventilated 
rubber stoppers. The analysis of residual Sb during the process was as described above. 
Sb(V) adsorption tests with Sphaerotilus natans biomass 
After cultivation in liquid culture medium for 12 h, 5 mL of Sphaerotilus natans 
suspension was added to 250-mL conical flasks containing 195 mL Sb(V) solution. The 
initial solution pH was 7.0, and the Sb(V) concentration was 40 mg·L-1. The flasks were 
placed on a rotary mixer at 30°C. The OD at 500 nm (OD500) and residual Sb(V) 
concentrations in solution were monitored during the subsequent reaction.  
Sb(V) removal ability of mZVI in the presence of Sphaerotilus natans 
Aliquots (5, 10, 15, and 20 mL) of Sphaerotilus natans cell suspension (1.6 × 109 CFU 
mL-1) that were cultivated for 12 h and 0.02 g ZVI were added to flasks containing an 
aqueous solution of Sb(V) without nutrients. The initial Sb(V) concentration in all 
flasks was approximately 40 mg·L-1, and the initial pH was 7.0. The flasks were 
covered with ventilated rubber stoppers and placed on a rotary shaker at 100 r·min-1 at 
30°C. Sphaerotilus natans biomass, residual Sb(V) concentration, and Eh value in 
solution were analyzed as the reaction progressed. After the reaction, the morphologies 
and main chemicals of the precipitates were analyzed.  
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Characterization 
The particle size and morphology of fresh mZVI and generated products were examined 
using scanning electron microscopy (SEM, JSM-6380LV, JEOL, Japan). The chemical 
composition and crystal structures of the precipitates after reaction were characterized 
using X-ray diffraction (XRD, D8 Advance, Bruker, Germany). Functional groups on 
the surface of samples were measured by Fourier transform infrared spectrometry (FTIR, 
Nicolet 6700, USA) using the standard KBr disk method. Sphaerotilus natans in 
suspension was imaged by high resolution scanning electron microscopy (HRSEM, 
SU8010, Hitachi, Japan). 
Analytical methods  
Total Sb in solution was analyzed using a flame atomic absorption spectrophotometer 
(AA-7001, East & West Analytical Instruments, Inc., Beijing), with suitable 
matrix-matched standards and replicates. The Eh value of the solution was determined 
using a BPP-920 ORP meter (BELL Analytical Instruments Co., Ltd., Dalian, China). 
The pH values were measured using a basic PB-10 meter (Sartorius, Germany). The 
number of colony-forming units (CFU) in the solution was determined by surface 
plating at appropriate dilutions.33 All experiments were carried out in triplicate, and the 
averages are reported. 
RESULTS AND DISCUSSION 
Removal of Sb(V) by mZVI in abiotic systems  
Effects of DO on Sb(V) removal by ZVI  
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Oxygen is a major electron acceptor in reduction systems, and it plays a complicated 
role in the mZVI reaction. The presence of O2 in the iron–water system has been shown 
to increase the reduction of monochloroacetic and dichloroacetic acid, and to decrease 
the removal efficiency of bromate and nitrate.34 However, investigations of the effects 
of O2 on Sb(OH)6– removal have been limited. 
The removal of Sb(V) from water solution using mZVI without N2 purging is 
shown in Fig. 1a. At initial doses of 0.05, 0.1, 0.15, and 0.25 g·L-1 Fe, a total of 76.2, 
90.6, 95.7 and 100% of 40 mg·L−1 Sb(V) were removed within 24 h, respectively. The 
removal rates then gradually increased, finally reaching 84.6, 99, 100, and 100%, 
respectively. Increasing the amount of mZVI resulted in faster and more extensive 
removal of Sb(V) from the aqueous phase, mainly because the increased dose of Fe 
would increase the total surface area and thus the available active sites for Sb(V) 
sorption.35 The Eh value in solution was examined during the experiment, as shown in 
Fig. 1b. It decreased sharply from 421–497 mV to 99–150 mV after 12 h, followed by a 
slow increase, reaching 150–320 mV at the end of the experiment. DO depletion may be 
an important reason for this Eh decrease in solution. Li et al.18 suggested that the main 
mechanism for Sb(V) removal by ZVI was the incorporation of Sb(V) into the structure 
of iron (hydr)oxides from iron corrosion. The Fe0 in water was oxidized by O2, 
producing Fe2+, which can be subsequently oxidized to Fe3+ and generate iron oxides. 
Therefore, much of the O2 was consumed as result of iron corrosion, according to Eqs. 
(1–3):17, 36 
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Fe0 + H2O + 1/2 O2 → Fe
2+ + 2OH-     (1) 
Fe2+ + 1/2 H2O + 1/4 O2 → Fe
3+ + OH-  (2) 
Fe3+ + 3H2O → Fe(OH)3+ 3H
+ .     (3) 
In addition, ZVI (Fe2+/Fe0), with a standard reduction potential of −0.44 V,37 can reduce 
any species with a potential lower than that of Fe. The primary Sb(V) species, 
(Sb(OH)6−), has a standard electric potential of +0.76 V,38 and the overall 
electrochemical reaction is thermodynamically favorable. Dorjee et al.20 demonstrated 
that a fraction of the Sb(V) species was reduced to Sb(III) when Sb(V) was chemisorbed 
and interacted with the “FeOOH” layer on the nZVI surface. Although the reduction 
rate of mZVI was not as fast as that of nZVI, the reduction of Sb(V) by mZVI to Sb(III) 
species may have occurred. In general, as the reduction and precipitate reaction 
progressed, the Eh value decreased.39, 40 After 24 h, the Sb(V) removal reaction slowed, 
and the Eh values in solution increased again, which was thought to be due to the 
increase in DO in solution owing to O2 diffusion. 
After the Sb(V) solution was purged with N2, the dynamic process of Sb(V) 
removal with mZVI was studied. As shown in Fig. 2, at the initial Fe doses of 0.05, 0.1, 
0.15, and 0.25 g·L-1, 78, 83, 84.9, and 93.2% of Sb(V) was removed by mZVI after 96 h 
of the reaction process, respectively. The Sb(V) removal rate by mZVI was reduced by 
6.6–16%. This was likely due to the absence of soluble Fe2+, which is normally 
produced by the anaerobic corrosion of Fe0, according to Eq. (4)36: 
Fe0 + 2H2O → Fe
2+ + H2 + 2OH
-       (4) 
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Thus, the formation of iron oxides, which can more effectively adsorb Sb(V), cannot 
occur unless there is enough O2 in the water. This is similar to aqueous Cr(VI) removal 
kinetics in that mZVI was found to be greater under oxic than under anoxic conditions 
due to the formation of iron oxides, even though Cr(VI) was reduced to Cr(III) by Fe0 
under both conditions.41 Overall, the presence of DO in solution has a significant benefit 
for the removal of Sb(V) by mZVI. 
Effects of solution pH on Sb(V) removal 
We next investigated the influence of pH on the removal of Sb(V) by mZVI under 
aerated conditions. As shown in Fig. 3a, 100, 100, 99, and 89.79% of 40 mg·L-1 Sb(V) 
was removed by 0.1 g·L-1 mZVI at the initial pH levels of 5.0, 6.0, 7.0, and 8.0, 
respectively. The pH slowly increased as the reaction progressed, although no acid or 
alkali was added to maintain the pH throughout the process. After 96 h, the final pH 
ranged from 7.45 to 8.81 (Fig. 3b). Thus, the removal of Sb(V) by mZVI was more 
effective at lower pH values. This was because decreased pH accelerated the corrosion 
of iron and the generation of iron oxides. As the conditions of Sb mine drainage in 
China fall within the weak acid to weak base pH range, subsequent tests of Sb(V) 
removal were carried out at a pH of 7.0. 
Adsorption of Sb(V) by Sphaerotilus natans biomass  
Growth tests of Sphaerotilus natans 
Preliminary tests were carried out to study the growth behavior of Sphaerotilus natans 
in liquid culture medium at different initial pH values. The fastest growth was obtained 
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at an initial pH of 7.0, and the growth of the strain was poor when the pH was below 6.0 
(Fig. S1). Solisio et al.29 suggested that the growth of Sphaerotilus natans cells was 
negligible below pH 6.0. The lag phase of biomass growth lasted for less than 6 h. Once 
they adapted to culture medium with an initial pH of 7.0, the cells grew rapidly, and the 
maximum OD500 reached 1.41 after 36 days of cultivation. 
Bioadsorption of Sb(V) by Sphaerotilus natans from solution 
After 5 mL of cell suspension was added to Sb(V) solution, we investigated the ability 
of Sphaerotilus natans to bioadsorb during culture growth. As shown in Fig. 4, the 
initial OD500 of the solution was 1.09. It deceased to 0.94 after 6 h as a result of the 
adaptation of the bacteria, and gradually increased during the next treatment. Therefore, 
Sphaerotilus natans exhibited significant tolerance to Sb(V). Although there was some 
fluctuation, the removal rate of Sb(V) was only 5.4% at the end of experiment. It has 
been previously demonstrated that Sphaerotilus natans efficiently adsorbs Cu2+ and 
Cd2+ ions.42 Qin et al.43 showed that electrostatic attraction played a major role in the 
sorption process, despite the presence of active –CONH2 and –OH groups on the cell 
surface. In our study, Sphaerotilus natans showed low adsorption capacity toward 
Sb(V), which may have been due to weak electrostatic attraction between Sb(OH)6– and 
the negatively charged microorganisms.44  
Sb(V) removal from water by mZVI in the presence of Sphaerotilus natans  
Fig. 5 shows the influence of Sphaerotilus natans on Sb(V) removal by mZVI and the 
corresponding total number of CFU and Eh values in a solution with an initial pH of 7.0. 
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As shown in Fig. 5a, with additions of 5, 10, 15, and 20 mL of biomass, the final Sb(V) 
removal rates were approximately 85.4, 71.7, 62.4, and 60.3%, respectively. Under 
identical reaction conditions, the removal rate of Sb(V) by mZVI in the absence of 
Sphaerotilus natans was approximately 99%. Thus, the removal of Sb(V) decreased by 
13.6–38.7% upon the addition of the Sphaerotilus natans suspension. Previous 
experiments have indicated that Sphaerotilus natans alone has little capacity to adsorb 
Sb(V). Thus, the presence of Sphaerotilus natans seriously inhibited the removal 
efficiency of Sb(V) by mZVI. Moreover, the removal of Sb(V) decreased when the 
initial biomass increased. This likely occurred because a large mass of Sphaerotilus 
natans would decrease the exposure of the iron surface area, negatively affecting mass 
transfer. The previous experiment also indicated that moderate DO was important for 
Sb(V) removal by mZVI and that the DO was likely to decrease as O2 was consumed by 
aerobic Sphaerotilus natans.  
The total number of bacterial colonies was monitored during the experiment to 
assess the growth rate of Sphaerotilus natans in the presence of mZVI. As shown in Fig. 
5b, the total number of CFUs in solution ranged from 0.38 to 1.5 × 108 CFU mL-1 after 
the addition of Sphaerotilus natans, and then increased to 0.9–4.0 × 108 CFU mL-1 after 
cultivation for 12 h. Because Sphaerotilus natans is an oligotrophic bacterium and due 
to its strong tolerance to Sb(V), its adaptive phase was relatively short. After 24 h, the 
cells were nearly in the stationary growth phase. The total number of CFUs in solution 
with the initial addition of 20 mL of biomass was greater than that in solutions with 
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initial additions of 5, 10, and 15 mL of biomass. Meanwhile, the number of cells in the 
Sb(V) solution containing 5 mL of biomass decreased rapidly due to insufficient 
nutrients. After 24 h of rapid growth of Sphaerotilus natans, the corresponding Eh value 
in solution was greatly reduced as a result of the high consumption of the limited O2.45 
It ultimately declined to approximately 10–52 mV (Fig. 5c), much lower than the Eh 
value of the abiotic solution.  
Mechanism analysis 
SEM characterization of the products from abiotic and biotic systems  
Fresh mZVI (Fig. 6a) before a reaction had an irregular spherical shape with a smooth 
surface, and a diameter ranging from 10 to 40 µm. However, after reaction with Sb(V) 
solution without purging N2, the product in the abiotic system (Fig. 6b) was not uniform 
in size, and many small particulates with rough surfaces were formed. In the presence of 
10 mL Sphaerotilus natans, the product surface recovered and exhibited a clustered 
shape (Fig. 6c and d) in the biologically mediated system, indicating that different 
products may have been generated in these two systems.  
XRD characterization of products after reaction 
Powder XRD was used to further investigate the differences between the products 
generated in the biological and abiotic reaction systems. As presented in Fig. 7a, solid 
products in the abiotic reaction system without N2 purging exhibited broad diffraction 
peaks at approximately 32, 41.5, 54, and 63.5°, a feature of amorphous Fe2O3.46 No 
diffraction peaks for Sb-specific phases were detected in the product, as this was likely 
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to be at low levels and may have been non-crystalline or sorbed into other phases. 
Compared with the abiotic reaction system, the amorphous Fe2O3 pattern of the product 
in the biological reaction systems was much weaker. However, the potential presence of 
FeOOH was indicated by the diffraction peaks at 2θ values of 36.6 and 53.2°.47, 48 
Strong diffraction peaks were observed at 43.1 and 81.5°, which was identified as 
FeSb2O6 with JCPDS Card No. 07-0349. The presence of Fe(II) in FeSb2O6 was 
probably due to the growth of Sphaerotilus natans resulting in insufficient O2 and 
inhibiting the oxidization of ferrous ions. In addition, the characteristic diffraction peaks 
of Fe0 were not observed, probably because the surface of mZVI was covered by a thick 
layer of precipitate.  
FTIR characterization of the products  
After reaction with Sb(V) solution, the product was also characterized by FTIR. As 
shown in Fig. 8, the absorption peaks observed at approximately 3300 cm-1 and 1640 
cm-1 in all three samples were assigned to the bond stretching of O–H and the bending 
vibration of adsorbed water, respectively.49 The broad peak ranging from 700 to 400 
cm-1 observed in all samples may be assigned to the Fe–O bond of iron oxides or Sb–O 
bending vibrations,21 indicating the presence of interactions between Fe–O bonds with 
Sb(V). In the FTIR spectrum of the product in the biological system, the peak appearing 
at 1540 cm−1 was closely related to the N–H from proteins, and the peak at 1380 cm−1 
may be attributed to the C–H bending vibrations, suggesting the presence of biomass.50 
Characterization of Sphaerotilus natans in suspension after reaction  
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At the end of the experiment, the suspension that contained the biomass was collected 
and characterized with HRSEM (Fig. 9a and b). After cultivation in Sb(V) solution for 
96 h, the cells still maintained a short rod shape. There were some small deposits near 
the bacteria, and also larger porous flocs that covered several cells. Aside from 
Leptothrix, Crenothrix, Clonothrix, and Hyphomicrobium sp., Sphaerotilus sp. is one of 
the best-documented examples of IOB in aquatic systems, which can bind and 
precipitate ferric iron non-specifically onto their cell surfaces to form precipitates.31, 51 
Sun52 found that the mineralization and crystallization of Fe(OH)3 gel occurred both 
inside and outside Sphaerotilus sp. cells in a solution containing 0.01 mol·L-1 Fe3+. The 
main product was weak crystalline akaganeite (β-FeOOH) nanoparticles. Moreover, the 
naturally biomineralized iron oxides had a strong adsorptive capacity to Cr(VI). The 
morphology and structure of iron (hydr)oxides formed through the mineralization of 
Fe(OH)3 gel varied with the ingredients and concentrations of organic matrices. 
During the reaction with Sb(V) solution, the corrosion of mZVI produced Fe3+ ions 
that were precipitated by Sphaerotilus natans. This is supported by the XRD data, 
which demonstrated the generation of FeOOH in the presence of Sphaerotilus natans in 
solution. Therefore, we can conclude that biomineralization of Sphaerotilus natans 
actually occurred in the experiment. Although different kinds of iron oxides or 
hydroxides have recently been widely used to remove Sb from water,13 the Sb(V) 
removal ability of mZVI was seriously reduced in the presence of Sphaerotilus natans, 
indicating that the adsorption ability of biologically formed iron oxides did not play a 
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major role in Sb(V) removal.  
CONCLUSIONS 
ZVI has great potential in the environmental remediation of metal ions in water. 
However, the removal of Sb(V) by ZVI in the presence of microorganisms was not 
previously well understood. The effects of Sphaerotilus natans on Sb(V) removal by 
mZVI were investigated for the first time in this study. Our results indicated that 
although Sphaerotilus natans had some adsorption ability towards Sb(V), the presence 
of Sphaerotilus natans seriously inhibited the ability of mZVI to remove Sb(V), 
probably because the mass transfer and corrosion of iron were lowered. The 
biomineralization of Fe3+ ions by Sphaerotilus natans may have occurred during the 
experiment, but adsorption to biogenic minerals did not play a primary role in Sb(V) 
removal. The main product in the abiotic system was Fe2O3, whereas FeOOH and 
FeSb2O6 were produced in the presence of Sphaerotilus natans.  
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Figure 1. (a) ZVI adsorption ability towards Sb(V) in solution without purging with N2, and (b) the 
corresponding Eh value in solution as the reaction progressed. 
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Figure 2. mZVI adsorption ability towards Sb(V) in solution after being purged with N2. 
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Figure 3. (a) Removal of Sb(V) from water with ZVI at different initial pH, and (b) variation of pH 
values as the reaction progressed. 
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Figure 4. Bioadsorption ability of Sphaerotilus natans and its growth performance in Sb(V) solution. 
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Figure S1 Growth curve of Sphaerotilus natans at different starting pH values. 
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